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INTRODUCTION
Asthma affects 5-10% of school-age children with a considerable public health burden [1] .
The highest rate of lung development occurs throughout pregnancy and in early life [2] .
Adverse exposures in this critical period, such as low levels of vitamin D, might lead to developmental changes including reduced lung and airway growth and could therefore be of major importance for the development of asthma [1] . In vitro studies showed that human lines of alveolar cells type II have a high capacity for binding 1,25-dihydroxy vitamin D, the active form of 25-hydroxyvitamin D, resulting in surfactant synthesis stimulation and maturation of airway epithelium [3, 4] . Vitamin D is considered to affect the innate and adaptive immune system through lymphocyte activation and proliferation, and T-helper cell differentiation [5] . Studies in animals suggested that introduction of vitamin D in diet after deficiency during pregnancy and in early-life might reduce eosinophilic inflammation, airway remodeling and serum IgE levels [6] . Based on these findings we hypothesized that low levels of vitamin D during pregnancy might influence epithelial airway inflammation, airway resistance and possibly development of childhood asthma. Thus far, previous published studies in humans reported inconsistent results for the associations of maternal vitamin D level during pregnancy with the risk of asthma in their children [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The difference in results might be explained by different study designs [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Also, methods by which vitamin D was measured, either through food frequency questionnaires [7] [8] [9] [10] or serum levels [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , might explain the differences in results. Furthermore, previous studies focused on the association of vitamin D levels during pregnancy or at birth with asthma, asthma-related lung function and airway inflammation measures in childhood, did not explore the mediating role of child's current vitamin D levels [14] [15] [16] .The level of 25-hydroxy vitamin D during pregnancy might be correlated with child's current vitamin 25-hydroxy vitamin D level. Also, previous studies considered an association of child's 25-hydroxy vitamin D levels with lung function and asthma [24] [25] [26] [27] .
Therefore, we examined in a population-based prospective cohort study among 3,130 mothers and their children whether 25-hydroxyvitamin D levels in mid-gestation and at
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birth are associated with airway resistance, airway inflammation, wheezing and asthma in school-age children. Secondly, we explored whether any association was mediated by child's current 25-hydroxyvitamin D levels.
MATERIALS AND METHODS
General design This study was embedded in the Generation R Study [28] .The Generation R Study is a population-based prospective cohort study in Rotterdam, the Netherlands. The inclusion criteria for enrollment of the mothers in the study were being resident in the study area at their delivery date, and having a delivery date from April 2002 until January 2006.
The study is designed to identify early environmental and genetic causes of normal and and children of whom we had no data on vitamin D levels in mid-gestation and at birth (n = 674) and on lung function tests, wheezing patterns and asthma (n = 297) were excluded, leaving a total of 3,130 Dutch children for the current analyses. 
25-hydroxy vitamin D
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analyzed from stored frozen samples at -80 C [28] . Measurements of 25-hydroxyvitamin Dlevelsboth from maternal and cord blood were conducted at the Eyles Laboratory at the Queensland Brain Institute, University of Queensland, Australia. Total 25-hydroxyvitamin D level was reported as the sum of 25-hydroxyvitamin D2 and D3 species measured in plasma using a modification of a method previously described [29] . Briefly, 50µL milli-Q water and 500µL of acetonitrile (ACN) containing 6,19,19-[2H3]-25-hydroxyvitamin D2 and 6,19,19- [2H3]-25-hydroxyvitamin D3 at 10 nmol/L each were added to 3µL plasma, sonicated, vortexed and centrifuged. The supernatant was filtered using a TiO2/ZrO2 filter plate (Glygen, USA) and evaporated to dryness. Samples were derivatised using 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) and reconstituted in ACN:H2O (1:3) prior to analysis. Samples were quantified using isotope dilution liquid chromatography-tandem mass spectrometry.
The analytical system was comprised of a Shimadzu Nexera UPLC coupled to an AbSciex 5500 QTRAP equipped with an APCI source. Chromatographic separation was achieved using a Kinetex XB-C18 column (50 ×2.1mm, 1.7µm; Phenomenex, USA), and 72% acetonitrile/32% aqueous 0.1% formic acid at a flow rate of 0.5 mL/min. Linearity was Levels 1-4), and were excellent at all concentration levels tested. Inter-assay inaccuracy and imprecision were both <10% for 25-hydroxyvitamin D3 and <17% for 25-hydroxyvitamin D2.
Assay repeatability was assessed via replicate analysis of an independent reference material (NIST SRM1950, 61.9 nmol/L 25-hydroxyvitamin D3), with inter-assay inaccuracy and imprecision both <11% (n = 343).
In children circulating serum 25-hydroxyvitamin D levels was measured at a median age of 6.0 years (range 5.6-7.9). Non-fasting blood samples were drawn by antecubital venipuncture and stored at -80 °C until analysis [28] . Measurements of 25-hydroxyvitamin D
This article is protected by copyright. All rights reserved. levels were conducted at the Endocrine Laboratory of the VU University Medical Center, Amsterdamand have been previously described in detail [30] . Child's current 25-hydroxyvitamin D status was available in a subgroup of 1,734 Dutch subjects.
Childhood asthma outcomes Children visited the research center at age 6 years and lung function measurements were performed according to European Respiratory and American Thoracic Societies guidelines [31] . Airway resistance (Rint) in kPa/L (MicroRint, MicroMedical, Rochester, Kent, UK) was measured during tidal expiration,with occlusion of the airway at peak expiratory flow. Median values for at least 5 acceptable Rint measurements were calculated and these were used to compute sex-and height-adjusted zscores [32] . Fractional exhaled nitric oxide (FeNO) was measured using the NIOX chemiluminescence analyzer (Aerocrine AB, Solna, Sweden), and natural log-transformed to obtain normality. Information on wheezing was collected with questions adapted from the International Study on Asthma and Allergy in Childhood (ISAAC) at age 1, 2, 3, 4 and 6 years. Available data on wheezing on at least two time points were used [33] to define the following wheezing patterns: 1) no wheezing, no wheezing episode at any age; 2) early wheezing, at least 1 wheezing episode during the first 3 years of life but no wheezing episode at 4 and 6 years of age; 3) late wheezing, no wheezing episodes during the first 3 years of age but at least 1 wheezing episode at 4 or 6 years of age; and 4) persistent wheezing, at least 1 wheezing episode in the first 3 years of life and 1 episode of wheezing at 4 or 6 years of age. Information on ever physician-diagnosed asthma was obtained from the parents at age 6 years.
Covariates We obtained information on maternal age, body mass index at enrolment, educational level, history of asthma and atopy, maternal psychological distress, parity, smoking during pregnancy and pet keeping from questionnaires during pregnancy. Maternal psychological distress was defined using the Global Severity Index (GSI) [34] . Maternal folate levels were measured in early pregnancy (median 13.2 (6.2-17.9) weeks of gestation)
as previously described [35] . Season of blood sampling was recorded at time of blood sampling for 25-hydroxy vitamin D. We obtained sex, gestational age at birth and birth weight of the child from midwife and hospital records or questionnaires at birth. Information about breastfeeding, lower respiratory tract infections,physician-diagnosed inhalant allergies (pollen, house dust mite, pets )and eczemawere collected by a questionnaire at age 6 years. 
Statistical analysis
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continuous variable.To reduce bias and imprecision, we imputed missing data of the covariates with multiple imputations using chained equations to select the most likely value for a missing response [36] . Ten new datasets were created by imputation and analyzed altogether [37] . Characteristics of the observed and imputed variables in the analysis are given in supplementary Table 1 . Mothers in the lowest tertile of 25-hydroxyvitamin D levels had a higher body mass index at enrolment, were more often multi-parous, had lower folate levels, had more often mid-gestational blood sampling in spring and winter, and less often breastfed their child (p-values<0.05). Non-response analysis mainly showed that compared with those included in the study, mothers who were lost to follow-up were younger, had a higher body mass index at enrolment, has a lower educational level, were more often multiparous, more often had pets and lower folate levels. Also, children of these mothers more often had a lower gestational age and size at birth and were less often breastfed (Supplementary Table E-2) . 
RESULTS
Subject characteristics
25-hydroxy vitamin D levels, lung function, wheezing and asthma
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This article is protected by copyright. All rights reserved. at birth were not associated with wheezing patterns or asthma (Table 3) . When clinical cutoffs were used, we observed similar results (Supplementary tables E-7 and E-8).
DISCUSSION
The results of this population-based prospective cohort study suggest that low levels of 25- However, one study observed that higher maternal 25-hydroxyvitamin D levels in midpregnancy was associated with a higher FEV1 among girls, and a higherFVC among girls and boys at age 6 years (16). We observed no association of 25-hydroxyvitamin D levels in
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This article is protected by copyright. All rights reserved. Our results concerning the association of maternal 25-hydroxy vitamin D levels during pregnancy with childhood wheezing are in line with the majority of previous published studies, which observed no associations [17, 18] . Only a small sample-sized study observed that a higher levels of 25-hydroxy vitamin D at birth was associated with a 33% decrease in risk of wheezing, but not with asthma at age 5 years [23] . However, current vitamin D status of the child was not taken into account,in contrast with our study. Similar as for wheezing, the majority of previously published studies observed no association of 25-hydroxy vitamin D levels during pregnancy with childhood asthma [15, 17, 18] . Only one study reported that compared with the lowest quartile, the highest quartile of maternal 25-hydroxy vitamin D during mid-pregnancy was associated with increased risk of asthma at age 9 years [19] .
Differences in results with our study might be explained by the study sample sizes [10] .
Similar to our study, previous studies did not observe associations of 25-hydroxy vitamin D levels at birth with childhood asthma [21] [22] [23] 41] .
Interpretation of resultsThe optimal 25-hydroxyvitamin D level during pregnancy is not known, however most researchers consider 25-hydroxyvitamin D levels of pregnant women similar as of non-pregnant women which subsequently leads to adequate 25-hydroxyvitamin D levels of their newborns [42] .The association of lower levels of vitamin D at birth with a higher airway resistance in childhood might be explained by a role of vitamin D in promoting immune regulation [43] . In animal models, exposure to vitamin D deficiency in utero and in early life was associated with an increase of Th2 lymphocyte cells, and a reduction in T
regulatory cells and production of interleukin-10 [6] , which subsequently may activate proinflammatory cytokine production through macrophages and dendritic cells [44] . This process might lead to an increased pro-inflammatory response of the airway epithelium and subsequent airway obstruction. Also, animal models indicated that low 25-hydroxy vitamin D levels in diet affected airway hyperresponsiveness and structural changes of the airway walls, and airway remodeling [43, 45] . Airway remodeling includes myocyte proliferation resulting in increased airway smooth muscle mass [43, 46] , which, in humans, is correlated with a lower FEV1 [47] . We hypothesize that subtle changes such as subepithelial basement membrane thickening and epithelial cell disruption lead to airway obstruction and increased airway resistance and might already be present before respiratory symptoms occur.Although The observed association of low levels of 25-hydroxy vitamin D at birth with a higher airway resistance in childhood is of importance from an etiological perspective, and may be important on a population-level. The results strengthen the hypothesis that low levels of vitamin D lead to developmental changes of lung and airway growth leading to obstructionrelated higher airway resistance, and potential risk of asthma. However, the effect estimates could be considered small and without clinical relevance. Therefore, further replication and randomized-controlled trial studies are needed before any preventive strategies for lung function changes and asthma could be developed.
The highest rate of lung and airway development occurs in pregnancy and infancy [48] . We only observed an association of low 25-hydroxy vitamin D level at birth with higher Rint, and this association weakened after additionally adjustment for child's current 25-
hydroxy vitamin D level. This suggest that adverse exposures, such as low levels of 25- hydroxy vitamin D at birth, might affect early airway and lung growth leading to obstruction related airway resistance at a later age. It has been observed in animal models that a lack of perinatal 25-hydroxyvitamin D3 supplementation in diet increased tracheal contractility, and consequently increased airway resistance [49] . Therefore, fetal lung maturation and airway smooth muscle cell proliferation and differentiation may be affected by the 25-hydroxyvitamin D levels at birth.
Strengths and limitations
The strength of our study is its population-based prospective cohort design studying participants from fetal life onwards with a large number of potential confounding factors, the objective measurements of 25-hydroxy vitamin D levels in blood in mid-pregnancy and at birth, and the detailed lung function and asthma outcome measurements. Still, some limitations need to be discussed. First, selection bias in cohort studies mainly arises due to loss to follow-up [50] . In our study population this was 26.1%, and subjects not included in the study were less affluent and had less favorable socioeconomic status, life style habits and health outcomes than those included in the study.In our study population this was 26.1%, and could have led to biased effect estimates if associations of 25-hydroxy vitamin D levels in mid-pregnancy and at birth with Rint, FeNO, wheezing patterns or asthma would be different between children included and not included in the analyses. This seems unlikely but cannot be totally excluded. Second, we were not able to perform analyses with commonly used clinical cut-offs of vitamin D (insufficient <50nmol/L, sufficient 50-75 nmol/L and optimal >75nmol/L) and our respiratory outcomes due to lack of power. Third, we used Rint and not spirometry. Spirometry is the preferred method to measure lung function related to asthma. However, spirometry measurements seem not successful in approximately 50% of children aged 6 years [51] . Instead, the Rint technique demonstrates high feasibility in this age group, and detects small changes of the airways with adequate within-and between-occasion reproducibility [52] . Changes in Rint are related with clinically relevant outcomes such asthma and wheezing, and differentiates
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children with and without symptoms of impaired lung function [53] .The Rint technique is known to have a high feasibility at age 6 years, detects small changes in proximal and more distal airway function with good within-and between-occasion reproducibility [52] , and is associated with clinically relevant end points such as wheezing and asthma. Fourth, wheezing patterns and asthma were self-reported, which might have led to reporting bias despite the use of recommended and commonly used ISAAC questions. Fifth, we did not have data on asthma medication which might partly have diluted our effect estimates. Data 
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*P < 0.05. Values are changes in Z-score or sympercent (95% confidence interval) from linear regression models. "n =" represents number of cases per total group. Models were adjusted for maternal age, body mass index at enrolment, educational level, history of asthma/allergy, maternal distress, parity, smoking during pregnancy, pet keeping, folate level, mid-gestational season of blood sampling, child's sex, gestational age at birth, birth weight, breastfeeding, child's lower respiratory tract infections, inhalant allergies,eczema, at birth season of blood sampling, and mutually for mid-gestational and cord blood 25-hydroxyvitamin D. This article is protected by copyright. All rights reserved. ratios (95% confidence interval) from polynomial regression and logistic regression models. "n =" represents number of cases per total group. Models were adjusted for maternal age, body mass index at enrolment, educational level, history of asthma/allergy, maternal distress, parity, smoking during pregnancy, pet keeping, folate level, mid-gestational season of blood sampling, child's sex, gestational age at birth, birth weight, breastfeeding, child's lower respiratory tract infections, inhalant allergies,eczema,at birth season of blood sampling, and mutually for mid-gestational and cord blood 25-hydroxyvitamin D.
